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CCMPACTTOROIDS GENERATEDBY A MAGNETIZEDCOAXIALSOURCEIN THE CTX EXPERIMENT

A. R. Shemood, 1. HenIns, H. W. HoIda, T. R. Jarboe, R. K. Linford,

J. Marshall, K. F. McKenntt, and D. A. Platts

Los Alarms National Laboratory

~ <:; Los Alamos, New Mexico, USI,
~ L\

Compact toroida containing both toroidal and poloidal magnetic field

(Spheromak-type) h~ve been generated in CTX using a magnetized coaxial plasma

gun. These CTS tear l~oae from the gun by magnetic field line reconnection,

and they are trapped in flux conaervera having various geometries. In a

straight cylindrical flux conserver the CTS are observed to be unstable to a

gross tilting mode. Stability to the tilting mode has been demonstrated in

flux conserves having an oblate trappinu region; however, the geometry of the

entrance region lending to the trapping volume can also have important effects.

Lifetimes of about 150 Da for the CTa are typically oh~erved. Interferometric

measurements give a value of about 2 x 1014 cm-3 for the initial plnsma

density, The plaama temperature measured ~t a single ~pot near the minor

magnetic axis decreases to around 10 eV by the time the mafinetic reconnection

la comp!ete. Spectrographic meaaurementa and pressure probe results tire in

c,qreement with this temperature. A 6nipper coil ham been inntalled to induce

the CT to tear loose from the gun sooner. The use of this coil 10 observed to

speed up the magnetic field reconnection procass b“ about a factor of 2.

In the CTX experiment at Los Alamos National Laboratory we have been

otudying compact toroida (CTe) of the Sphernmak type generated with a

magnetized coaxial }~lrnema gun. The CTX facility, which is designed to be umed

for the trapping and study of compact toroide, connists of a large vacuum

vessel (4.5-m long nnd 105-m diameter) with DC trapping fieldo of up to 10 kG.

To produce the CT a ~olenoidal coil la placed inside the inner electrode of a

coaxial plamma gun. Thin coil producee axial maRnetic field inside the inner

elactroda which divorRen nt the Run muzzlo bmc!ominR radinl. When the gun is
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fired, the highly conductive emerging plaama stretches the radial field lines

in the axial direction away from the gun- These elongated field lines

reconnect behind the plasma forming the closed poloidal field of the CT, with

the magnetic field generated by the gun current hecominu the embedded toroidal

field. CTS generated in this manner have been trapped in prolate and oblate

cylindrically symmetric metallic flux con6ervera. The plasma and magnetic

field properties are studied using magnetic probes, pressure probes,

interferometry, Thomson scattering, and spectroscopy.

The length of the coaxial gun used in these experiments is 1.? m, and ito

inner and outer electrodes i]ave radii of O.1O m and 0.15 m respectively. The

total Dy gaa puffed into the gun with a fast valve ranRed from 0.75 to

3.75 cm3 atm. About 150 pa after the gae valve IS pulsed, the gun Ie energized

with a 74 PF capacitor bank charged to 4S kV. About 2.5 pa after the

initiation of the discharge the gun current peaks with a value ~f about 1 MA.

In earlier experiments CTS generated in the manner described above u~er e

injected Into a simple, stainless etecl, right-circular, cylindrical flux

conscrver. The CTS were stopped within the flux conserver by adjuatirg the

initiai “poloidal” field strength of the coaxial source. In some cases the CT

stopped with its axis parallel to the common axis of

coneerverj and then it rotated (tilted) until its axia wna

axie of the flux eoneerver. In moot cases the stopped CT

waa already partially tilted. The tilted CT appee.red gronm.

the source and flux

orthogonal to the

when first obaervod

y MIID stable, and

the magnetic fields of the CT decayed wilh about a 100 IJS time constant.

Interferometric meaaurementa showed an initial density of about 1014 cm-3 and a

density lifetime eimilar to that of the magnetic field. l~etailn of thle work

are reported ele~where. 1 We have alao produc~d CTS within the same flux

conmerver in the presence of MrIadditional maRnatf.c Ruide field antiparallel to

the m~~natic momant of the CT. In thie cn~e tho CT was observed to rotata
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1800, and the characteristic decay time of the magnetic field configuration was

only 10-15 Be (1.e.s much shorter than comparable conditions without the guide

field). We speculate that the rapid destruction in the guide field case la due

to reconnection of magnetic field lines in the high shear regime which occur

after the toro?d rotatee, opening previously closed field linee.

In an attempt to stabilize the tilting of compact toroida produced by the

magnetized gun, we have generated compact toroide in other flux eonservera

2 cross oectione ofhaving oblate regione incorporated into their geometry.

such flux conaervers are shown in Fi~. 1. The plasma from the magnetized gun

la injected from the left throush the 0.34-m diameter entrance cylinder into

the confining region. With the geometry of Fig. lb the tilting no longer

occurs and the configuration la stable throughout ita lifetime.

The ●ffects on the tilting instability of the Reomctry of the entrance

cylinder and its spacing from the Run muzzle have been investigated. The

experiments were done for the Reometrien drawn in Fig. lb and Fig. ld.

Increasing the diameter of the entrance cylinder from 0.34 m to 0.46 m caueed

tlltin~ of the CT, for tonditionn where it had haen etnhl? nt the smi!ller

diameter. Keeping the diameter of thu entrance reRion at O-34 m but increasing

the length from 0.94 m to 0.50 m was altio found to cause the CT to tilt. The

effect of the gap Epacing between tha gun and the entranca rcqqlon of the flux

connerver wan almo inveutiRatcd. cap spncinRR of o 111,0.05 m, and 0.08 m ware

tried. It wan found that the eyotem bocomen prqreenively more unntable to

tilting ae the gap spacing in increanrd.

With the elimin[,tion of the complication of tiltinR, three rllatinct time

ocalea amerge. The firot (- 1 I.Ie) I- the time required to fill thti flux

conaerver witn mnRnetic f~cld and pl~nma. The necnncl (- 12 IJO) la the time for

the decay of tile fielrtn in the entranca cylindar. FiRure 2a nhowm thfa decay.

We interpret thin demy M hainR dur to field line reconnection which ie



?
.

-4-

(a)

(b)

(c)

(d)
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FIR. 1. Vnrioufi flux consrrver geometrl~n umwl

tilting mode.
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in the inwntigation of the
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completed in about 30 pg. The third time (- 100 vs) is the characteristic time

for the decay of the fields in the flux conaerver measured after reconnection

has occurred. Figure 2b shows this decay. On other shots than the one shown

here lifetime decay rates of 150 I.IShave been observed.

If the CT does not tilt one expects no transverse components of ~ on axis.

For the case in Fig. 2 the peak transverse cnmponenta are meaaured to be leso

than 15% of the peak Bz and are not ahovn. The measurement of all components

of the magnetic fields on the axis of the flux conserver is a powerful ❑eans of

determining the extent of tilting. Considerable time was spent searching for a

field and flux cormerver configuration

‘“O 0.2 0,4 0.6 0.8 1.0
Z (m)

rig. 2. Plots of the axial component of

which gives a etable CT with ~uide

t=o I 150‘

I “

I

b!E!!!wil
O 0.2 0.4 0.6 0.8 1.0

Z (m)

the magnetic field on axim at vnrioum

times. FiRure 2a Rhown plntm at various tlmen during the decay of

the fil’ld In the entrance cylfndcr. The time elapsed between plots

19 5 DH. Figure 2h shown plntn at varloun times during the decay of

tho comp~lct torold and the time hotween plot~ hare is 50 IJn. The gun

climrhar~e fn initiat~d #t t-o and the plot labeled t-(1 nhows the

vtilllr of the nxlal component of the mnRnetlc field In this reglnn due

to t’lc rnils which supply th~’ Inltlnl mxlnl flux for the planma gun.
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field. Figure 1 showe a summary of the geometries tried with comments as to

the stability of the CTS created in these geometries.

Some properties of the CT plasma have been measured for the geometry shown

in Fig. lb without external guide field. The density as a fu-ction of time aa

measured hy a 3.39 urn wavelength lleNc interferometer in ~hown in Fig. 3.

Observe that the time behavior of the magnetic field and density are similar.

Spectroscopic data are taken with a 5-channel polychromator, a monochroniator,

and a spectrograph. The polychromator has five channels spaced 1 A apart.

Photomultlpliers are used for time resoluti~n. The monochromator has a 2-!

spectral width. Using both the polychromator and the mc)nochromator two regions

of wavelength can be monitored on each shot. The spectrometer which covers a

region of approximately 100 A, Im time Integrated, and in used to identify

spectrnl lines. Nickel find iron impurities have been Idcntiflecl. Thnmson

scattering la used to measure the electron temperature at a position 5 cm from

the midplane of the confinement rcqion and at n radius equal to two-thirds of

that of the confinement region. There in a lnrge nhot-to-sh>t vnriatirm of the

temperature and density at this pomltinn, especially early in time. on shots

where the density in hi~h enough to get good scattering nignal, tl,e plasma

appears to bc fairly cool (TQ * 10 cV) at later tlmea (t > 50 BE). Early In

time (t - 5 ps), 10IIR before reconnection In completed, tempcrmtures AS high AH

60 eV have been mensured. Quartz prcenure probe data show a rnpid preeoure

drop early in time and are consi.~tcnt with tho Thomnon ucattertng trmptarature

mcnaurcmautn. The time hintoriee of impurity lines such nn OTV @r@ nlao

conaietent with the Thomon scattering meamurementn.

A %nippar coil” has hacn de~lgncd nnd Inatall,ed 011 the entrnnco region of

the flux conserver Rcometry of FIR. Id. The purpose of thiR coil in to ●peed

up the magnetic field reconnactinn In th~ entrnnr.c region by the application of

n faat rlMing cxtcrnnl field. one rf+nnnn Cnr dcnirlnfl fnator mngnettc l’lQl.d
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Fig. 3. Density nnd magnetic field an n function of time in the qidplana of

the confinement reRion of the flux conaerveri The dennity IS the

Jine nveraRc on a diameter and the magn~tic field ta I!z on axin. The

two measurements are from different nhnta with nimllar lnitlnl

conditioned

reconnection in thnt electron thermal conduction aJong open field lines may be

a mnjor ceuse of tho obMervm! rapid temperature drop at early times. To allow

for thio additional pulnerl field, the metallic conrlurtor forming the entrdnce

rvRion hne been raplnc~d by n 0.40-m dinmetar Innulntorm I%ln tnnulmtor haH a

oeriea of me:allir ntripti ~n~lde !tm inner nurfmcs to aJlow axlnl currentn to

flnw at the wall. !l’he~e curruntm will Land to contain the artmuthal flux of
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the pasoing plama (i.e., the flux which becomes the toroidal flux vhen the CT

Ie formed), while all.ouing the enipper coil flux to enter. Thc anippcr coil is

energized by a 24-kJ, 60-kV capacitor bank, and Its current has a qwrter

period of about 3.5 IJS. The snipper coil current la crwbarred n-ar tts peak.

Initial operation with the enipper coil geometry, but without the coil

being energized, established that CTa were gtill formed in the trapping region

despite the modified entrance region. The plasma emerging from the coaxial

source forced a lar8e fraction (- 50%) of the poloidnl flux out through the

Ineulator in the entrance refiion, and the time for the reconnection procees to

become complete ir:rensed by about 50%. The lifetimes of the CTa ag determined

by the magnetic field structure were in thin unsnlpped case about the same as

for the earlier cane with the conductinfl-walled entrance reulon.

Results when the snipper coil in enerRiz~d are very preliminary. ‘llle

timinR of the nnipper coil with renpoct tc the bcElnnlnR of plasmn flow ouc of

the coaxinl source in found to he very important. When the nrripper coil 1s

energized with Ita prascnt brink the reconnection time hag been men~ured by the

reversal of I!z on axis in tile entrance region. It tg found tn he tllrce timen

factor thnn if the antpper coil is not enerRizcd, and two times fmster than

obaervcd in the original case with a conducting-walled ●ntrance reRion. SrI far

no conclumiona are ponnihle cnncernlnfl whether the pr~nent snipper coil or CTX

is beneficial h@C~U~e there Im inHufflcfent dnta. Makinp, ntraightfnrwnrd

comporlarmo of ca~~n when the anippcr coil wan efiorglz~ri with ca:len when it waa

not in rather difflcul! hecaune of shrrt-to-nhot variation. Encouraging

raaultn have been ohtnlned on lnolntswl nhots. Fnr ●xample lifetlmen (ae

defined by tho @xintrnce of clnnPd poJoldal flux in the CT) of n~arly 300 IJH

lIavm been obnervcd, nrld temperecll~ n of 30 ●V #t 50 Vn mnd 20 eV at 1(XI US have

heen metm~!rod. Howevmr, these ohotn are nnt repentnbl~, and it 10 unclear what

@ff@ct (if nny) th~ nnipper coil had in producinR them.
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